Summary. In Exp. 1 pig oocytes matured in vitro were used to evaluate the fertilizability in vitro of frozen epididymal (4 boars) and ejaculated (3 boars) spermatozoa that were preincubated in modified 
Introduction
Successful in-vitro fertilization of pig eggs using freshly ejaculated spermatozoa has been reported (Cheng et ai, 1986; Yoshida, 1987) . However, this procedure is subject to variability caused both by variability amongst boars and by subtle differences in the condition of the semen that is used (unpublished data) . To obtain a high and repeatable in-vitro fertilization frequency, use of standardized frozen-thawed spermatozoa would be a considerable advantage. The present experiment was designed to develop an in-vitro fertilization system using frozen semen.
Materials and Methods
Experiment 1: in-vitro fertilization ofoocytes matured in vitro Culture offollicular oocytes. Ovaries were removed from gilts at a local slaughterhouse and returned to the labora¬ tory in saline (9 g NaCl/1, 200 i.u. penicillin GK/ml, 200 pg streptomycin sulphate/ml) at 37°C within 1 h. To obtain oocytes only during the follicular phase of the cycle, we used gilt ovaries which did not contain a corpus luteum or a corpus albicans. The cumulus-oocyte complex and follicular fluid from follicles 2-5 mm in diameter were aspirated with a 5-ml syringe equipped with an 18-gauge needle and diluted with PBS containing 3 mg bovine serum albumin (BSA)/ml. Complexes were allowed to settle in a 10-ml tube, aspirated from the bottom of the tube and transferred to a Petri dish. Oocytes with compact cumulus cells were selected and cultured for 32 h in 01 ml TCM 199A in a plastic dish covered with paraffin oil under an atmosphere of 5% C02 in air at 39°C. TCM 199A consisted ofTCM 199 (with 25 mM-Hepes; Earl's salts, Gibco, U.S.A.), 10% (v/v) heat-treated pig serum (Eng et ai, 1986) , 10 pg LH/ml (pituitary luteinizing hormone, Burns-Biotec, U.S.A.), 1 pg oestradiol-17ß/ml (Sigma, U.S.A.) and 100 pg dibekacin sulphate/ ml (Meiji, Japan). In a preliminary experiment, more than half of the oocytes (92) matured to metaphase II when they were cultured for 32 h. These oocytes were used to evaluate fertilizability of frozen-thawed spermatozoa.
Sperm preparation. The epididymides of 4 boars (A, B, C, D) were removed at the slaughterhouse and returned to the laboratory at ambient temperature within about 3 h after slaughter and epididymal spermatozoa were extruded from the distal portion of the cauda epididymidis by air pressure from a syringe. About 5 ml epididymal sperm suspension were diluted with Hulsenberg 8 solution (10-15 ml) (Westendorf et ai, 1975) and kept for 2-18 h at 15°C. A sperm-rich portion (about 40 ml) of the ejaculated spermatozoa was collected from Boars, E, F and G by the glove method and filtered through double gauze to remove the gel particles and kept at 15°C for 2-3 h. Epididymal and ejaculated spermatozoa were then centrifuged for 20 min at 300 g and resuspended in 15 ml TF-1 solution, as modified from BF-5 solution (Pursel & Johnson, 1975) by Soejime et ai (1983) . After cooling to 5-7°C over 2-3 h, the sperm suspensions were diluted with TF-1 solution (15 ml) containing 2% glycerol to give a concentration of 6 IO8 cells/ ml. The sperm suspensions were frozen in 0-2-ml pellets on solid C02 and stored in liquid nitrogen until required for in-vitro fertilization. Frozen spermatozoa (3-7 pellets) were thawed in 7 ml PBS containing 3 mg BSA/ml at 37°C. Immediately after thawing, the suspensions were centrifuged for 5 min at 500 g, the supernatant was discarded and the spermatozoa were resuspended in 7 ml TCM 199B. TCM 199B consisted of TCM 199 with Earl's salts, 12% fetal calf serum, 2-92 mM-calcium lactate, 0-91 mM-sodium pyruvate, 305 mM-D-glucose, and 100 pg dibekacin sulphate/ml; the pH of the medium was adjusted to 7-8 (W. T. R. Cheng & E. J. C. Polge, personal communication) . The suspensions were further washed by centrifugation for 5 min at 500 g. The spermatozoa were subsequently diluted to 2-4 108/ml TCM 199B. The sperm suspensions (0-5 ml) were incubated at 37°C under 5% C02 in air for 4h. Before and after preincubation, the percentages of spermatozoa with progressive forward motility were examined, by one observer, under an inverted phase-contrast microscope equipped with a chamber maintained at 37°C.
In-vitro fertilization and examination of oocytes. The oocytes cultured for 32 h were transferred to fertilization medium, 0-4 ml BO solution (Brackett & Oliphant, 1975) containing 10 mg BSA/ml and 2 mM-caffeine. A portion of the preincubated sperm suspension was introduced into the medium so that the final concentration at insemination was 2-4 107 cells/ml.
After incubation for 12-16 h with spermatozoa under the same conditions as described for cultivation of oocytes, oocytes were fixed for Z-4 days in 25% acetic alcohol at room temperature, stained with 1% aceto-orcein and examined under a phase-contrast microscope. Oocytes having enlarged sperm head(s) and/or male pronucleus(ei) with corresponding sperm tail(s) in the vitellus were considered to be penetrated.
Experiment 2: in-vitro fertilization of oocytes matured in vivo
Collection of matured oocytes. Six crossbred gilts of the Landrace, Large White and Duroc breeds, aged 7-9 months and weighing 100-120 kg, were used as donors and recipients. To induce superovulation in donors, 1250 i.u. PMSG were given in a single intramuscular injection. When the donors had shown oestrus, the injection was given on Day 15 of the oestrous cycle. To control the time of ovulation, an intramuscular injection of 500 i.u. hCG was given 72 h after PMSG. Ovulation occurs 40-42 h after an injection of hCG given during pro-oestrus (Hunter, 1967) . Donors were slaughtered 39 h after the hCG injection. The ovaries and oviducts were removed and returned to the laboratory in saline (9 g NaCl/1) at 37°C within 30 min. The ovulated oocytes were flushed through the uterotubal junction with 10 ml PBS (prewarmed at 37°C), and collected into a 10-ml test tube. Follicular oocytes were aspirated from remaining follicles (10-15 mm) through a syringe with an 18-gauge needle. The oocytes were washed in TCM 199A (without hormones) and incubated in 01 ml of this medium for 3 h before fertilization.
In-vitro fertilization and embryo transfer. Frozen-thawed epididymal spermatozoa from Boar A were used. Preincubation of the spermatozoa and the fertilization procedure were as described above for oocytes matured in vitro. After incubation for 6 h with spermatozoa at 39°C, oocytes were transferred to modified BMOC-2 medium (Brinster, 1965) . Then excessive spermatozoa were removed from the surface of oocytes by pipetting. These oocytes were transferred to 01 ml of the medium and incubated for 24 h under the same conditions. In one experiment, in order to compare the fertilization rates, pronucleus formation and polyspermy, fertilized oocytes that had been matured in vivo and in vitro were fixed 12 h after insemination. Oocytes that had developed to 2-cell embryos after incubation for 24 h in BMOC-2 were transferred to the oviducts of a recipient gilt. The The percentages of motile spermatozoa of both frozen-thawed epididymal and ejaculated spermatozoa before preincubation were similar (70, 60, 60 and 70% for Boars A, B, C and D respectively; 50, 60 and 50% for Boars E, F and G respectively) but values for ejaculated spermato¬ zoa were reduced after preincubation (70, 50, 50 and 60% for Boars A, B, C and D; 0, 20 and 0% for Boars, E, F and G).
Experiment 2
As shown in Table 2 , when oocytes matured in vivo were inseminated with frozen epididymal spermatozoa from Boar A, a higher penetration rate (79%) was obtained than when oocytes matured in vitro (42%) were fertilized using the same sperm preparation. Also, the percentage of penetrated oocytes with both pronuclei formed (Fig. 1) was higher with oocytes matured in vivo than with those matured in vitro. However, polyspermy was detected in a lower percentage (10%) of penetrated oocytes matured in vitro than in those matured in vivo (39%).
When 41 (from 2 donors) and 26 (from 1 donor) oocytes were inseminated with frozen epididy¬ mal spermatozoa, the numbers of oocytes that developed into 2-cell embryos (Fig. 2) by 30 h after being exposed to the spermatozoa in vitro were 20 (49%) and 14 (54%) respectively. These embryos were transferred to 2 recipient gilts. One gilt returned to oestrus after 21 days. The other remained pregnant and a litter of 3 (1 live and 2 dead) was born. The two dead piglets were delivered by Caesarean operation and were fully developed. They might have died because of dystocia, since the uterine horns had fused at many points. The multiple fusions of the uterine horns were apparently surgical adhesions resulting from poor technique. In contrast to freshly ejaculated spermatozoa or frozen epididymal spermatozoa, no frozen ejaculated spermatozoa penetrated oocytes. Before preincubation the motilities of frozen-thawed ejaculated and epididymal spermatozoa were similar (50-70%). After preincubation, the motility of ejaculated spermatozoa decreased drastically to 0-20%, while that of epididymal spermatozoa remained high (50-70%). This reduced motility of ejaculated spermatozoa after preincubation is one probable reason for the inability of those spermatozoa to penetrate oocytes. Other factors might also be important because mammalian spermatozoa cannot penetrate the zona pellucida solely by physical force (Green, 1987) . Clarke & Johnson (1987) also reported that the incubation of frozen ejaculated spermatozoa beyond 1 h resulted in reduced sperm motility and ability to fertilize in vitro.
The frozen epididymal spermatozoa from Boar D showed a high percentage of motility after preincubation, but no oocytes were penetrated, for reasons which are unclear. Sperm penetration rates have been altered by the period of preincubation and sperm concentration at preincubation (Nagai et ai, 1984) . For example, in a preliminary experiment, when epididymal spermatozoa from Boar A were preincubated for 4 h before in-vitro fertilization, the penetration rate was higher than that using 2 and 6 h preincubation. Therefore preincubation for 4 h may not be the optimum for epididymal spermatozoa from Boar D to be capacitated. Moreover, differences may exist between boars in the optimal number of spermatozoa for preincubation; in these experiments, 2-4 108 cells/ml were used for all incubations.
Although (Gwatkin et ai, 1972) and human (Soupart & Strong, 1974) spermatozoa. Alternatively, the conditions of the zona pellucida and/or the plasma membrane of oocytes might account for the different penetration rates.
When oocytes were fixed 12 h after insemination, the percentage of oocytes with female and male pronuclei was higher with oocytes matured in vivo than those matured in vitro. Formation of male pronuclei in vivo was observed in the cytoplasm 6 h after mating (Hunter, 1972) . Therefore, it seems that cytoplasmic maturation of the oocytes matured in vitro was not completed at insemi¬ nation, resulting in arrested decondensation of the sperm head chromatin as suggested by Polge & Dziuk (1965) . The same arrested development has been reported by Nagai et ai (1984) and also in polyspermic pig eggs fertilized in vivo (Hunter, 1976 (Nagai et ai, 1983) . Yoshida (1987) reported that about half of in-vitro fertilized embryos reached the 2-cell stage at 27-28 h after insemination and 4 piglets were born from one sow by transferring those embryos to 4 recipients. The same results were obtained in the present experiments. The first cleavage in vivo normally occurs at 19-24 h after ovulation (Lupse, 1973) . The 2-cell stage in in-vitro fertilization was observed much later than in vivo. This delayed 2-cell stage might explain the poor level of embryonic survival in in-vitro fertilization. Cheng et ai (1986) also obtained a low pregnancy rate and small litter size. This difficulty in producing in-vitro fertilized piglets is probably related to (1) viability of in-vitro fertilized embryos, (2) culture conditions after in-vitro fertilization and (3) embryo transfer as suggested by Yoshida (1987) .
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